Au/Pd bimetallic nanoparticles, even with core-shell structure, were synthesized by successive and simultaneous sonochemical irradiation of their metal precursors in ethylene glycol, respectively. In the successive method, Pd clusters or nanoparticles are first obtained by reduction of Pd(NO 3 ) 2 , followed by adding HAuCl 4 solution. As a result, Au-core/Pd-shell structured particles are formed, instead of Pd-core/Au-shell as usually expected. The successive method is more effective than the simultaneous one in the formation of the core-shell structure. Detailed investigation with optical absorption spectroscopy suggested that the pre-formed Pd atoms or clusters have a reduction effect on Au 3+ ions and the post-formation of Pd-shell can damp the surface plasmon resonance of Au nanoparticles. Theoretical absorption spectra based on Mie-like model for core-shell structured particles yield excellent agreement with the experimental results.
Introduction
Recently, there has been significant interest in the preparation of metallic nanoparticles with various compositions, structures, shapes and sizes [1] [2] [3] [4] . More and more attention is paid to the preparation of bimetallic nanoparticles with a core-shell structure [5] [6] [7] [8] . Due to their unusual chemical and physical properties, they are expected to have potential applications in many technologies, such as opto-electronic nanodevices, catalysts, and chemical sensors [9] . The Au/Pd system is one of the most popular examples [10] [11] [12] [13] [14] [15] [16] . The preparation methods, for example ultrasonic irradiation, can be divided into two categories, successive and simultaneous, according to the sequence of adding the precursors of two metals for reduction. Adopting the simultaneous method, the core-shell structured Au/Pd nanoparticles are synthesized in aqueous solution only when Pd/Au molar ratio was more than 4. In contrast, the successive reduction does not give core-shell structured 3 Author to whom correspondence should be addressed.
Au/Pd particles, but cluster-in-cluster structured products or the mixture of individual particles [17] .
In this paper, however, the successive method was found to be more effective than the simultaneous one to prepare Au-core/Pd-shell in organic solution, in which the successive process was performed in a reverse order, i.e. first for Pd 2+ ions and then for Au 3+ ions. Moreover, the core-shell structured bimetallic nanoparticles can be obtained even at the Au/Pd molar ratio was only 1. In this paper, we report the synthesis and optical properties of Au/Pd bimetallic nanoparticles in ethylene glycol with a stabilizing agent polyvinylpyrrolidone (PVP, K-30, M.W.: 40 000).
Experimental
The experiment was performed by the successive method and the simultaneous method, respectively. In the former method, 30 ml ethylene glycol (>99.7%) and 200 mg PVP were added to a conical glass vessel. After the mixture was stirred under magnetic blender for about 10 min, 0.75 ml Pd(NO 3 ) 2 aqueous solution (40 mM) was added. The vessel was mounted at a constant position in the sonication bath and irradiated under 40 kHz ultrasonic wave with an input power of 100 W for 180 min, which is long enough to reduce Pd 2+ [18] . Then 0.75 ml HAuCl 4 aqueous solution (40 mM) together with additional 100 mg PVP was added to the pre-treated solution, followed by sampling at different time intervals during further irradiation. In the latter method, HAuCl 4 During the irradiation process, the vessel was purged with argon gas to eliminate oxygen in it, and recurrent water flow was utilized to cool the glass vessel in the bath. In addition, we got a physical mixture of individual Au and Pd colloid sols prepared by separate ultrasonic reduction of their metal precursors in ethylene glycol with PVP.
The optical absorption spectra of the samples were recorded on a Cary 5E UV-Vis-IR spectrophotometer over the wavelength range from 200 to 1500 nm, using an optical quartz cell with a 10 mm pathlength. Structural characterization of the materials was conducted on a Hitachi-800 transmission electron microscope, operating at an accelerating voltage of 200 kV. Energy-dispersed spectroscopy (EDS) was measured on scanning electron microscopy (SEM: Philips FEG-CM20T attached with energy-dispersed x-ray analysis (OXFORD, Link ISIS)) with a 10 nm diameter probe to analyse the constituents of single particles. The quantitative composition for a single measured particle was estimated from the attached computer. High-resolution transmission electron microscopy (HRTEM) was performed by means of a JEM 4010 operating at 400 kV. The samples for electron microscopic examinations were prepared by placing a drop of prepared material on copper grids coated by thin carbon films and evaporating it in air at room temperature (the samples for SEM and HRTEM were diluted in isopropyl alcohol). The Fourier transform procedure was employed to obtain the reciprocal-space representation, which is the diffractogram of corresponding image. Digital image processing software (NIH image [19] ) was used to calculate the diffractogram of digitized selections of HRTEM images. Figure 1 shows irradiation time evolution of the optical absorption spectra for the samples prepared by the successive and simultaneous methods, respectively. It is noticed from figure 1(a) that an absorption peak around 540 nm, corresponding to the surface plasmon resonance (SPR) of Au particles, appears without irradiation after adding Au 3+ to the obtained Pd colloid, then increases with the irradiation time increasing up to 15 min. With further irradiation for up to 140 min, the Au SPR is damped down and blue-shifts to about 510 nm, but the background absorption increases. When the irradiation time is more than 140 min, the SPR peak fades and the background continuously increases, especially in the shorter wavelength region. The SPR only shows a small absorption shoulder at about 500 nm when the sample is irradiated for about 360 min. However, it is not the case for the samples prepared by the simultaneous method, as shown in figure 1(b). The Au SPR peak appears and increases without obvious shift with increase of the irradiation time up to 120 min, at which further irradiation results in a blue shift from ∼540 to ∼525 nm, and a decrease of Au SPR peak accompanied by a rise in the background. After that, with the background absorption ever-increasing, the Au SPR peak does not decrease significantly even when the irradiation time is up to 360 min. Figure 2 shows the difference in the optical absorption spectra between the sample irradiated for 360 min in the successive method and the physical mixtures of Au and Pd individual colloid sols with various molar ratios (the total concentration is kept unchanged). It can be seen that the Au SPR peak in the mixture damps slightly with the increase of Pd/Au ratio, together with rise in background absorption, while there is no obvious SPR peak in the sample irradiated for 360 min. Figure 3 illustrates TEM images and size distributions of the particles in the samples irradiated for different time after adding HAuCl 4 (Au 3+ ) in the successive method. We can see that the particles are clearly separated and roughly spherical in shape, and that most of the particles in the sample irradiated for 360 min (see figure 3(b) ) are significantly larger than those irradiated for 15 min (see figure 3(a) ). Moreover, the particle sizes in figure 3(b) can be divided into two narrow groups: about 9 and 5 nm in average diameters. The electron diffraction pattern indicates that the crystal structure is face-centred cubic. However, due to the same crystal structure and similar lattice parameter of Au and Pd (Au: 4.078 Å, Pd: 3.89 Å, 4.6% in difference), it is difficult to make sure, from the conventional TEM observation, whether the colloids with such a small size are composed of Au/Pd bimetallic nanoparticles or their mixture of separated Au and Pd nanoparticles.
Results
EDS was measured for the sample irradiated for 140 min by the successive method. We randomly chose some (more than ten) well-separated single particles with small size (<10 nm) for measurement. It has been indicated that all the measured nanoparticles are composed of Au and Pd elements, and that no pure Au or Pd particles are found. The quantitative results show that the atomic ratio of Au to Pd changes from 10 to 2. However, from EDS, we still cannot determine whether the particles are core-shell structured or not.
For a core-shell structured nanoparticle, if crystal orientation of the core part is different from that of shell part, principally, it should be distinguishable in HRTEM. In our HRTEM examination of the sample prepared by successive method, we found some core-shell structured nanoparticles with different crystal orientations in core and shell parts, as illustrated in figure 4 (see the particles marked by solid arrows). The image of one big particle was digitally processed [19] and structurally analysed (see figure 4(b) ). It has been shown that the shell part is Pd and core part is Au, instead of Pd-core Au-shell as we usually expected. Obviously, if the shell grows along the crystal orientation of core part, which should be possible and be well fit in the core-shell interface due to the same crystal structure and similar lattice parameter, the crystal orientation of the shell part will be the same as that of core part. In this case, it would be very difficult to identify the core-shell structured nanoparticle even in HRTEM. Therefore, for the other particles with monocrystal structure (see particles marked by open arrows), we cannot be sure whether they are in core-shell structure or not, which will be demonstrated by optical spectra evolution in the discussion section.
For the sample prepared by simultaneous method, the result is similar to figure 3, but we have not found core-shell structured particles in HRTEM.
Discussion
Reduction induced by ultrasonic irradiation originates from acoustic cavitation: the formation, growth, and implosive collapse of bubbles in a liquid irradiated with high-intensity ultrasound [20] . During the collapse of such bubbles, local hot spots are created with the temperature up to about 5000 K [21] , which provides an unusual method for the decomposition of volatile precursors. Furthermore, water molecules are decomposed into hydrogen and hydroxyl radicals that can reduce noble metal ions. It has been reported that the nanoparticles of Pd [18, 22] and Au [23, 24] are sonochemically produced in aqueous solutions of the corresponding metal ions in the presence of stabilizers. Here we mainly discuss evolution of the optical spectra with irradiation and the formation of bimetallic nanoparticles.
Successive method
The absorption spectra for the final sample obtained in the successive method are obviously different from those of the mixtures of separately prepared monometallic nanoparticles, as shown in figure 2 . This suggests that the nanoparticles obtained by the successive method are mainly not physical mixture of pure Au and Pd nanoparticles.
The appearance of Au SPR after adding Au 3+ ions without irradiation in the successive method, as shown in figure 1(a) ions will induce the reduction of Au 3+ ions to Au atoms together with irradiation [12] and Pd atoms are oxidized to Pd 2+ ions again. Then Au atoms form clusters and grow into nanoparticles, inducing the appearance of the Au SPR peak, as shown in figure 1(a) . Because Au 3+ ions have the priority in reduction compared to Pd 2+ ions, the SPR increases and reaches a maximum without obvious shift during the initial irradiation.
When the irradiating time is more than 15 min, the sonochemical reduction of Pd 2+ begins to dominate since most Au 3+ ions are reduced. It has been reported in [25] that the reducing radicals do not disperse in solution at low concentration, but diffuse onto the formed Au nanoparticles and polarize cathodically (double-layer-charging). Then the Pd 2+ ions located around Au nanoparticles were reduced by the reducing radicals or the accumulated electrons on the surface of Au nanoparticles. In addition, Au nanoparticles afford the nuclei of hetero-nucleation for post-reduced Pd atoms. Consequently, the post-reduced Pd atoms around Au particles do not form pure Pd particles, but settle on the surface of Au nanoparticles to form a Pd-shell with further irradiation [10] . It is well known that the electron density in surface layer of metal nanoparticles can greatly influence their SPR position and an increase of the electron density will cause a blue shift of the SPR [1, 25, 26] . On the other hand, the surface electron density of metal particles can be affected by the change of their chemical surroundings, such as chemical adsorbate on the particle surface [27] . Therefore, the observed blue shift of the Au SPR can be attributed to an increase of the surface electron density of Au nanoparticles at the expense of the electrons from the adsorbate of the post-reduced Pd atoms due to their different electron concentrations (Pd: 13.4×10 22 cm −3 , Au: 5.9 × 10 22 cm −3 ). With further irradiation, the continuous decrease of Au SPR peak and increase of the background indicate that the thickness of Pd coverage increases. Unlike Au nanoparticles, whose SPR is in the visible region, the predicted maximum absorption of Pd nanoparticles is located at about 220 nm [10] . Thus, a continuous increase of the background is likely throughout the reduction process of Pd 2+ ions. In order to quantitatively analyse the above arguments, theoretical calculation was carried out based on the Mie-like model of core-shell bimetallic nanoparticles [28] [29] [30] . The dielectric data for Au and Pd are from [31, 32] , respectively, which are modified by size-dependent electron scattering (see equation (8) in [33] ). The dielectric constant of the medium solution is 2.05. We can obtain the theoretical extinction spectra of Au-core/Pd-shell and Pd-core/Au-shell nanoparticles with different sizes. Figure 5 illustrates the calculated results of different thickness of shell for Au-core (see figure 5(a) ) and Pd-core (see figure 5(b) ) with 4 nm in radius (the other particles with different core sizes also show similar optical evolution trend). It can be seen that the formation of Pd-shell on Au surface results in a decrease and blue shift of Au SPR peak. Continual increase of the shell thickness induces decrease of the SPR accompanied by everincreasing background absorption, which is in good agreement with the results in figure 1(a) . For Pd-core/Au-shell, however, the SPR of Au enhances monotonously with rise of Au-shell thickness as we expected, which is obviously opposite to our experimental results. Therefore, based on our experiments and model calculation, evolution of the optical spectra with irradiation in figure 1(a) can be attributed to the formation of Au-core/Pd-shell nanoparticles, instead of Pd-core/Au-shell.
Simultaneous method
In the simultaneous method, Au/Pd alloy particles may be formed during irradiation according to [17] . Here assuming that the dielectric function of the alloy particles takes the form [34, 35] : dipole approximation [1] without size modification. The corresponding results are shown in figure 6 . Obviously, the simulations are not in agreement with the experimental results in figure 1(b) , even for the evolution trend. In the simultaneous method, the first appearance of Au SPR (seeing figure 1(b) ) indicates that the formation of Au and Pd particles in the mixture of Au 3+ and Pd 2+ does not occur simultaneously, but sequentially, first for gold and then for palladium. Because of reduction priority of Au 3+ ions, as mentioned above, even though partial Pd 2+ ions are reduced at the early stage of sonication, a possible reaction will occur according to the following reaction [12] :
When irradiation time is up to 120 min, Au SPR peak reaches a maximum, indicating that most Au 3+ ions are reduced. Then Pd 2+ ions begin to be reduced with further irradiation. Due to the low concentration of Pd atom in solution in the initial stage, the reduced Pd atoms attach to the pre-formed Au particles and form a thin Pd-shell, as discussed above. Comparing curves (a) with (b) in figure 5(a) , we know that formation of thin Pd-shell on Au particles will induce a blue shift and small drop of Au SPR, which is in good agreement with the experimental results, (see curve-120 and curve-180 in figure 1(b) ). With further irradiation, more and more Pd 2+ ions are reduced, and the Pd atomic concentration is high enough to form pure Pd nanoparticles or some cluster-in-cluster structured particles together with the remaining Au atoms [12, 15] . As a result, the optical spectra display ever-increasing background due to the formation of more and more Pd particles, which is similar to optical evolution of the physical mixture Pd/Au nanoparticles, as shown in figures 1(b) and 2.
Conclusion
We synthesize Au/Pd bimetallic nanoparticles by successive and simultaneous ultrasonic reduction of their metal ions in ethylene glycol, respectively. In the successive method, because of priority of Au 3+ ion reduction to Pd 2+ ions, pre-reduced Pd will be oxidized into Pd 2+ ions again after subsequent addition of Au 3+ ions and ultrasonic irradiation. Au nanoparticles are thus formed. Further irradiation induces reduction of the Pd 2+ ions and formation of Pd-shell on the Au particles, which, in turn, leads to decrease and blue-shift of Au SPR accompanied by increase of the background absorption. The evolution of optical absorption spectra with irradiation can be well reproduced by the Mie-like model for core-shell structured bimetallic nanoparticles. We can thus control the optical properties by the thickness of Pd-shell. In addition, our experiments reveal that the successive method is more effective than the simultaneous one in the formation of the core-shell structure.
